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C l e a n E n e r g y A s Part of Solution
Dan Reicher, assistant secretary for energy
efficiency and renewable energy with the U.S.
Department of Energy, said clean energy is
important for reasons aside from cutting
greenhouse gas emissions. These reasons
include improving air emissions, economic
growth, and energy security
With domestic oil production expected to
continue to decline over the next several
decades, and with fossil fuel demand in
transportation and other sectors rising, Reicher
said that improved energy technology is
one answer to close the gap. Developing a
clean energy future depends on improving
technologies, smart policies—including tax
and agriculture policies—and stimulating
markets for clean energy, he said.
Reicher said that with these factors,some
alternative energies are becoming increasingly

competitive. He cited improvements in geothermal,biomass,and other renewable energy
sources. In 1980, photovoltaic electricity cost
U.S.$1 per kilowatt hour, while the current cost
is 20 cents. Wind energy in 1979 cost 40 cents
per kilowatt hour, and now costs 4 to 6 cents.
Reicher said that although some technical
issues remain, the country is blessed with wind
resources. For example, he called North Dakota
"the Saudi Arabia of wind," with a potential for
producing 250,000 megawatts per year.
He also cited opportunities for improving
energy efficiency in heavy industries, buildings,
appliances, and automobiles, and in U.S. elec
tricity generating systems that currently pro
duce significant amounts of waste heat.
"Restructuring" the Business W o r l d
John Beale, deputy assistant administrator for
air and radiation with the U.S. Environmental

Protection Agency, added that dealing with cli
mate change requires a "fundamental restruc
turing of the way the world does business."
That restructuring, he said, will occur not
only because of climate change, but also
because of more efficient use of resources,
cleaner fuels, and forest stewardship. He said
that while there are significant risks and
uncertainties in dealing with climate change,
adaptable and opportunistic businesses will
figure out how to make profits, while also
achieving emission reduction goals.
"Time is not on our side," he said, adding
that there is a "greater risk for not making
these changes."
For further information, visit the Web site for
the Sixth Session of the United Nations Frame
work Convention on Climate Change Confer
ence of the Parties at http://cop6.unfccc.int/.
Randy Showstack, Staff Writer
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Recent images from Mars show compelling
evidence of near-surface flowing water, aeolian activity, slope processes, and ice cap evo
lution that underscores the dynamic geologic
history of the planet.
Establishing an accurate chronology for Mart
ian planetary features is critical for addressing
fundamental questions about the evolution of
the planet's surface and atmosphere and the
differentiation of its interior. For example, how
long was standing water on the surface? If life
did evolve on Mars, did it occur before or after
the evolution of life on Earth?
These are arguably some of the most pro
found questions currently being asked by
the planetary science communityYet answers
will not be forthcoming without an absolute
chronology of Mars history, enabling the con
struction of a timescale comparable to Earths.
Discussion of methods for establishing such
a chronology is particularly timely in light of
new missions to Mars that are being planned to
return in situ measurements or samples to Earth.
Currently, the known chronology of Martian
geology is based on crater counts, which
assumes a cratering flux rate similar to that
on the Moon.The uncertainty at some epoch
boundaries is in excess of 3.5 billion years
(Figure 1). A workshop was recently held in
Chicago, Illinois, to address issues and strategies
for improving our understanding of Martian
chronology Approximately 35 participants with
expertise in planetary science, geochronology
geochemistry, and astrobiology attended.The
workshop focused on identifying key scientific
questions of Martian chronology, chronological
techniques applicable to Mars, unique process
es on Mars that could be exploited to obtain
chronologic information, and sample selection
and curation issues related to the use of these
techniques.The following key goals in
establishing an accurate Martian chronology
were also identified:

1 Late Amazonian

[

• Dating major volcanic events. It is impor
tant to establish the ages of volcanic features
and address questions regarding the timing
and long-term trends in global differentiation
and volcanic activity that may also be related
to the fluvial events discussed below. Chrono
logic and related isotopic information on the
oldest volcanic rocks may provide insight into
early planet-wide processes, such as core for
mation, crust-mantle differentiation, magnet
ism, and the possibility of plate tectonics.
Furthermore, since volcanic flows can be dated
with established techniques and they create
widespread stratigraphic units and preserve
craters, they are probably the best type of
deposits to constrain the impact-cratering rate.
• Defining the history of surface water on
Mars. While most hydrologic activity on Mars
is thought to be ancient (pre-Amazonian),
high-resolution Mars Orbital Camera images
showing near-surface seeps suggest recent flu
vial activity on the surface of Mars (<10 yr.
old) [Matin and Edgett, 2000]. Changes in
Mars obliquity and magmatic processes have
been suggested to explain the possible mobi
lization of near-surface liquid water during
the present or in very recent times. Defining
the history of surface water on Mars would
constrain the environmental conditions dur
ing the Noachian, which would refine models
for prebiotic chemistry, protobiology and the
possible origin and evolution of life.
7

• Characterizing the stratigraphy of the polar
layered deposits. As the planet's principal cold
traps, the Martian polar regions have accumu-
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• Calibration of the Martian cratering rate.
The determination of radiometric ages for a
few critical areas may permit the absolute cal
ibration of the long-term cratering flux rate on
Mars and allow crater densities to be better
utilized in age assessment. The most critical
surfaces for this purpose would be of Hesper
ian to middle-Amazonian age, where the
largest uncertainty currently exists in the Mar
tian timescale.
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Fig. 1. Martian epochs and the model age
uncertainty for their lower (older) boundaries.

lated extensive mantles of ices and dust that
cover ~10 km and are as much as 4 km
thick.The presence of extensive layering and
the scarcity of superimposed craters on the
surfaces of these deposits suggest that they
may preserve a stratigraphic record of climat
ic and geologic history for the past tens of
millions of years with a resolution possibly as
good as one Mars year.
6

2

• Determining the history of the origin, evolu
tion, and extinction of life. If life ever evolved
on Mars then, by analogy with the Earth, it is
likely to have left evidence of its existence pre
served within the geologic record. Absolute
chronology will allow us to compare the history
of Martian life to that of Earth.
The workshop participants assessed techniques
that are currently employed on Earth for their
applicability to Mars. Radiogenic dating by the
K-Ar system (including ^Ar-^Ar) will be appli
cable to the >10 -yr window for dating
volcanic lava flows, widespread ash deposits
(for example, in the polar layered deposits),
and high-grade metamorphism. Radioactive
parent-daughter dating schemes will also be
5

Eos, Vol. 81, No. 45, November 7, 2000
directly applicable (K-Ar, Rb-Sr,Sm-Nd, U-ThPb, Lu-Hf, Re-Os; and short-lived systems; for
example, Hf-W Mn-Cr, I-Xe, Pu-Xe, ^ S m - ^ N d ) .
The history of water on Mars could be addressed
by using the K-Ar and Rb-Sr methods to date
evaporite deposits, especially K-rich salts, and
possibly co-existing carbonates. If there is recent
(<10yr) activity on Mars,U-Th decay series
methods can be used to determine ages of
young lava flows or pyroclastic deposits; ages
of waterlain spring deposits, evaporites, and
hydrothermal deposits/alterations; and atmos
pheric residence times of aeolian particulates.
Cosmogenic nuclides on Mars will allow
exposure dating of samples and potentially of
sedimentary structures with ages less than a
few million years.The use of noble gases and
secondary neutron capture effects (for exam
ple, in Gd,Sm) would permit the extension of
studies of cosmic ray irradiation to the 10 -yr
scale. Events and processes that could be dated
include erosion, near-surface deposition of
previously deeply buried material, faulting,
and volcanic or impact events. It may be pos
sible to use cosmogenic exposure techniques
to establish depositional ages of dust and
micrometeorites in the polar layered deposits.
9

Luminescence techniques can date Earth
aeolian and fluvial deposits spanning the past
100-200 kyr. Luminescence techniques for
Mars require consideration of faster saturation
due to three-orders-of-magnitude-higher
cosmic ray flux, uncertainties in the mineralogy
of Mars materials and inherent luminescence
signal instabilities, and the effects of extremely
low temperatures.
The uniquely heavy isotopic composition
of nitrogen in the Martian atmosphere may
permit a Mars-specific "chronometer" for trac
ing the temporal evolution of the atmosphere
and trapped atmospheric gases within rocks.
Theoretical models predict a nearly linear
increase of d N from an initial value near
zero to the present value of ~620% [Jakosky
et al, 1994] .The rate of change of <5 N could
be calibrated by measuring <5 N in nitrogen
extracted from secondary phases of rocks (for
example, impact glass) with ages measured
by standard radiometric techniques. Subsequent
measurement of d N in a nitrate, for example,
would determine the time of nitrate deposition.
The secular variation in the isotopic composi
tions of other atmospheric gases (O, C, H, and
Ar) also could be used to determine independ
ent estimates of the deposition times.
]5
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Measuring the abundance of Platinum
Group Elements (PGE) in Martian soils would

provide a measure of the accumulated influx
of micrometeorites to the Martian surface.The
initial component of Martian PGE should
have been partitioned into the core at its for
mation. The lack of crustal recycling on Mars
would allow the accumulation of PGE on the
Martian surface over long periods.
What if we find organic material on Mars? The
production of measurable C in the Martian
near surface has been predicted [Jakosky et al,
1996].Organic material a few thousand years
old could possibly be dated by C. A chronometric index up to 10 yr may be possible from
chiral conversion of biologic molecules if tem
peratures have remained low (for example, the
polar regions) over that period [Bada and MacDonald, 1996].
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Mars offers both benefits and challenges to
chronology studies.The apparent lack of plate
tectonics provides relatively undisturbed
deposits at the surface spanning billions of years,
which facilitates global reconstructions. Cratering provides visible stratigraphic/chronologic
clues for placing deposits in a global context.
Conversely the lack of a global ocean, in contrast
to Earth s, inhibits the development of global
stratigraphic markers.Weathering, impact metamorphism,and dust contamination must also be
considered in sampling. In addition, the high
radiation field will be a problem for some tech
niques, for example, luminescence.
To establish an accurate Martian chronology a
judicious sampling approach requires a synergis
tic effort between in situ measurements and
sample return missions.The development of
even modestly accurate (for example, ±10%)
in situ techniques will allow useful age deter
minations, given the current uncertainty in the
time scale. Mobility on Mars will improve the
selection of a diverse range of samples, both
for in situ chronology devices and sample
return missions. Certain terrain and sample
types, such as ice, may not be easily returned,
but would be extremely important if they
could be. Current techniques under considera
tion for in situ measurements include K-Ar, RbSr, cosmogenic nuclides, and luminescence.All
of these techniques require significant devel
opment. A sample return mission will permit
precise chronology studies. Other recommen
dations from the workshop included:
1) Geological (stratigraphic) context must be
considered as part of any Martian chronology
measurement.
2) For clear results, in a complex environ
ment, multiple techniques will be required
on multiple samples. If multiple techniques

are not possible (for example, for in situ
techniques), the technique used must give
consistent results on multiple samples, but
the results would be far more certain if a
second technique could be used.
3) For sample return, chronology techniques
must be weighed heavily in decisions about
sample handling. For the best possible com
prehensive chronologic measurements the
community would require at least 5-10 g of
material per rock sample.
4) Investment should be made in upgrading
terrestrial analytical facilities to maximize the
information obtained from returned samples
while minimizing sample size requirements.
The full workshop report, including a list of
participants, is now available for download at
http://www.uic.edu/~pdoran/chronologyhtml.
The workshop was held June 4-7,2000, at the
University of Illinois at Chicago.
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